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a  b  s  t  r  a  c  t
Climate  change  is  altering  forests  globally,  some  in  ways that  may  promote  further  warming  at  the
regional  and  even  continental  scales.  In order  to predict  how  forest  ecosystems  might  adapt  to a  changing
climate,  it  is important  to understand  the  resilience  and  vulnerabilities  that each  species  within  that  cur-
rent ecosystem  might  have  to  a modiﬁed  future  environment.  Complex  systems  that occupy  large  spatial
domains  and  change  slowly,  on the order  of  decades  to  centuries,  do not  lend  themselves  easily  to directeywords:
-D forest simulator
-D light regime
ndividual-based model
ight ray tracing
iberia
observation.  A  simulation  model  is often  the more  appropriate  and  attainable  approach  toward  under-
standing  the inner  workings  of  large,  slow-changing  systems,  and  how  they  may  change  with  imposed
perturbations.  We  report  on  a new,  spatially-explicit  dynamic  vegetation  model  SIBBORK  developed  for
the purpose  of  investigating  the  effects  of  climatological  changes  on  the  long-term  dynamics,  structure
and  composition  of  the  Siberian  boreal  forest.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
ELIG
. Introduction
There is uncertainty in forecasts of how global forests will be
ffected, but we  know that changes in forest extent, type and struc-
ure have the potential to feedback to the atmosphere and intensify
limate change at the regional, continental and even global scales
Bonan et al., 1995; Pielke and Vidale, 1995; Cox et al., 2000; Bonan,
008; Jackson et al., 2008; Hollinger et al., 2010; Groisman and
utman, 2013; Kuusinen et al., 2014). Moreover, changes in vege-
ation structure and composition can reduce or accelerate the rate
f carbon exchange between the atmosphere and the biosphere in
oreal ecosystems (Kolchugina and Vinson, 1995; Krankina et al.,
996; Betts, 2000; Kulmala et al., 2004; Randerson et al., 2006; Ma
t al., 2012). In order to understand what changes may  be expected
n a forest based on changes in environmental conditions, we  have
eveloped a new ecological model, called SIBBORK, that is robust
nd easily parameterized to represent dynamics of different forest
cosystems using publically available datasets, such as the World
eteorological Organization (WMO)  temperature and precipita-
ion records, and information routinely collected in forestry surveys
nd reﬂected in forestry yield tables. The purpose of SIBBORK devel-
pment rests in the desire for (1) better understanding of forest
esponse to climate change based on tree process responses to
he surroundings and (2) more explicit parameterizations of envi-
onmental conditions, which depend on the tree’s position on the
∗ Corresponding author.
E-mail address: ksenia@virginia.edu (K. Brazhnik).
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
landscape at the smaller scale. Few gap models incorporate effects
of surroundings some distance away (20–100 m) on tree processes.
SIBBORK can be used to investigate biome shifts and successional
trajectories in forest ecosystems, to understand the likely composi-
tional and structural changes a forest may  experience with climate
change, to test potential mitigation approaches, such as introduc-
tion of new species and expansion of timber plantations, assist with
planning for habitat changes or shifting the economy to/from the
timber sector, and assessing ecosystem services. We  focus here on
describing this new model, the functionality that provides advances
over other models, and the testing of the model output against
multi-dimensional time-series data.
2. Methodology
SIBBORK was  developed to tease out the dependencies and
interactions between trees and environmental conditions. We  are
interested in understanding the internal forest processes and their
potential responses to disturbances, because forest structure and
composition have a signiﬁcant effect on how energy and carbon are
cycled through the ecosystem (Bonan et al., 1995; Liu et al., 2005;
Bonan, 2008; Ashton et al., 2012). Due to the large extent, recent
climatological changes, and potential large (spatial scale) forcings
that the Eurasian boreal forest can exert on the global climate,
we focused speciﬁcally on this ecosystem. Like many individual-
based gap models, SIBBORK simulates the establishment, growth
and mortality of individual trees on plots approximately the size of
a crown of a canopy dominant tree (100 m2). Canopy size of each
tree is limited by the plot size. However, unlike Monte Carlo type
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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assumed to occur from seeds from nearby stands. Stump-sprouting
and regeneration by layering are not currently parameterized in
SIBBORK. Alternatively, to begin the simulation with a stand of aK. Brazhnik, H.H. Shugart / Ecolo
imulations of independent plots (e.g. FAREAST, Yan and Shugart,
005), the plots in SIBBORK are arranged in a grid and connected to
ach other. Trees on each plot can interact with trees on adjacent
nd nearby plots through shading. The shadow of a typical canopy
ominant from central Siberia (22–24 m,  Simard et al., 2011) can
xtend up to 100 m,  depending on foliage density and sun elevation
ngle. Trees within a plot also interact with each other via shading
f diffuse light from directly overhead as a function of cumulative
eaf area above each 1 m vertical level. In contrast, the shading
apacity of a tree on an independent plot in FAREAST is limited
o the plot size (500 m2). Environmental conditions are computed
nd speciﬁed at the plot level and reﬂect the edaphic, hydrologic,
nd climatological gradients associated with relief. Since trees do
ot have explicit x,y position on the landscape, the uncertainty of
 tree’s location on the terrain is limited to a speciﬁc plot. Cer-
ainly, it is possible to give each tree an assigned location within
he simulated domain and get rid of plot designation, however,
he plots are retained for speciﬁcation of environmental condi-
ions and stem density at the plot level and for ease of aggregating
tand characteristics at different spatial scales. The horizontal res-
lution of environmental conditions and vegetation structure is
0 m × 10 m,  and the vertical resolution of the light environment
nd canopy structure is 1 m.  Species-speciﬁc parameterizations and
eneration of climate conditions synthesize our current knowl-
dge of boreal ecosystems, climatology, and numerical modeling.
his model highlights important progress in ecological modeling
ia simulation of 3-dimensional space above a real landscape. The
odel simulates the environmental conditions at the plot level,
nd the vertical and horizontal distribution of vegetation across a
-dimensional landscape, which renders it ﬁt for the application
oward simulation of what has already been observed as heteroge-
eous changes in temperature and precipitation across the spatial
nd temporal domains, and the associated response of vegetation
o this spatially and temporally heterogeneous climate change.
.1. Development from ZELIG
ZELIG was derived from FORET (Shugart and West, 1977), which
s a more generalized version of JABOWA (Botkin et al., 1972). It
as originally developed for temperate forests of North America
Urban et al., 1991; Weishampel and Urban, 1996), but has since
hen been used in investigations of coastal forest (Urban et al.,
993), dry tropical forest in Puerto Rico (Holm et al., 2012), upland
nd bottomland forests in the arid Midwest of the U.S. (Acevedo
t al., 1997; Holcomb, 2001), northern hardwood forests (Larocque
t al., 2006, 2011), and Amazonian forests (Holm et al., 2014). Like
ABOWA, ZELIG is based on the assumption of landscape homo-
eneity at the plot level and within the simulation domain. ZELIG,
owever, presents one of the ﬁrst departures from the standard
ap model by introducing the idea of simulating several adja-
ent plots to represent a transect on a landscape. We  substantially
xpanded the functionality of ZELIG (Urban, 1990, 2000; Urban
t al., 1991, 1993) through modiﬁcation to the 3-D light subrou-
ine, simulation of canopy architecture and terrain representations,
pecies-speciﬁc parameterization and speciﬁcation of the simula-
ion area and plot size. We  modiﬁed the governing equations for
oil hydrology and climate, and introduced species-speciﬁc allom-
try. The optimal diameter increment in SIBBORK is computed
ased on observed maximum annual diameter increments from
he yield tables (Shvidenko et al., 2006) and the Usolsky timber
nterprise inventory (Ershov and Isaev, 2006), using methodol-
gy described by Bragg (2001, 2003). This is in contrast to the
ABOWA-based calculation employed in ZELIG (Botkin et al., 1972),
hich depends on a set maximum age for each species—a vari-
ble that depends on environmental conditions and is difﬁcult to
stimate. Soil hydrology in SIBBORK utilizes the modiﬁed PenmanModelling 320 (2016) 182–196 183
equation, which incorporates solar radiation and air temperature
inputs and is more appropriate for high latitude environments.
Soil fertility in SIBBORK acts as a cap on gross primary productiv-
ity (GPP), and annually limits actual biomass accumulation rather
than maximum potential biomass accumulation based on opti-
mal  diameter increment computed in ZELIG (Urban, 1990). Soil
fertility is speciﬁed at the plot level for each location based on
soil type (Stolbovoi and McCallum, 2002) and a map of biological
productivity for Russia (Isachenko, 1985). We built on the plastic-
ity of ZELIG with simpliﬁed re-parameterization to different site
and species characteristics using georeferenced matrices as input
ﬁles for plot-level speciﬁcation of environmental conditions (radi-
ation, elevation-based temperature adjustment, soil fertility) for
enhanced portability to simulation of other ecosystems.
As in ZELIG, the simulated trees in SIBBORK are fully coupled
to the light environment and soil moisture (e.g. light affects trees,
trees affect light), partly coupled to the soil fertility (soil fertility
affects trees, but trees don’t affect soil fertility), and uncoupled
from (do not affect) air temperature. SIBBORK differs from ZELIG via
modiﬁcations to how the spatial domain of the simulation is speci-
ﬁed, the ability of the light regime to be computed above varied
terrain, the computation of soil hydrology, the optional inclu-
sion of permafrost and several parameterizations for tree growth
and environmental conditions. SIBBORK simulates heterogeneous
landscapes and different environmental conditions at the resolu-
tion of the plot, and builds more plasticity into the speciﬁcation
of environmental conditions and aggregation of results at differ-
ent spatial scales. The enhanced simulation of the environmental
conditions allow for wider application of SIBBORK, including the
study of boreal forests with complex light and soil moisture
regimes1.
The simulation inputs include allometric equations and species-
speciﬁc tolerances to environmental conditions, as well as
initialization conditions, maximum stem density, climatological
trajectory (stable or changing), and simulation duration. Addition-
ally, the user speciﬁes the simulation domain using a georeferenced
digital elevation model (DEM) ﬁle. This can be artiﬁcial user-created
terrain for testing purposes (e.g. ﬂat or N- and S-facing slopes along
an E–W ridge), or real terrain, such as from ASTER DEM (METI
and NASA, 2011). During pre-processing, the DEM will need to be
resampled at the desired plot size. Using the DEM and the envi-
ronmental lapse rate, temperature is computed for each plot that
is at a different elevation than the reference weather station. The
ArcGIS Area Solar Radiation tool (Fu and Rich, 2002) is used to
compute monthly incident solar radiation, and includes published
cloud fraction and direct-to-diffuse radiation fraction for the sim-
ulated region, where available. Potential evapotranspiration (PET)
is computed as a function of monthly temperature and solar radia-
tion for each year of the simulation. In this manner, environmental
conditions are either speciﬁed at the start or computed within the
simulation at the plot level. This allows us to resolve variability in
conditions associated with topographic gradients, simulate transi-
tion zones, and aggregate output at different spatial scales or via
masks by terrain features, e.g. slope aspect or elevation.
The model can be initialized from bare ground or an initial
stand condition. Bare ground symbolizes the complete absence
of any trees on the landscape and represents the conditions fol-
lowing a disturbance, such as an intense wildﬁre, clear-cutting,
or a landslide. Establishment of trees into the disturbed area is1 SIBBORK source code available at www.github.com/sibbork/SIBBORK.
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iven structure and composition, initial stand conditions, includ-
ng stand density and average diameter at breast height (DBH)
or each species, can be speciﬁed. The establishment of saplings
an be turned on or off for all or individual species, allowing the
ser to track the evolution of a given stand for comparison to
orestry yield tables or ﬁeld data. Following pre-processing and
nitialization, each simulated year in the simulation proceeds as
ollows:
(1) Generate monthly average temperature and monthly precip-
itation sums from a Gaussian distribution based on historical
monthly averages and standard deviations recorded at the
nearest WMO  weather station(s). Then, quality control check
that the simulated monthly average temperature does not
fall outside the range bound by the absolute maximum or
minimum temperatures observed for the region, and ﬂush all
negative precipitation values to zero. Temperature and pre-
cipitation are simulated at a monthly time step.
(2) Calculate growing degree days from the simulated average
monthly temperatures above a base of 5 ◦C (GDD5). Com-
pute thermal effects for each species in the simulation based
on species-speciﬁc tolerances and user-speciﬁed parabolic
(Botkin et al., 1972) or non-linear (Bugmann and Solomon,
2000) response curves. GDD5 uses temperatures simulated at
a monthly time step, and the thermal effects are evaluated at
annual time steps.
(3) Compute PET via a modiﬁed Penman equation using sim-
ulated average monthly temperature and radiation inputs.
Next, estimate soil moisture based on precipitation inputs,
actual evapotranspiration outputs (30–70% of PET for boreal,
Olchev and Novenko, 2011), ﬁeld capacity and wilting point.
Runoff is computed as gravitational water above ﬁeld capac-
ity. PET, runoff, and soil moisture are computed at monthly
time steps. Thereafter, the effect of available soil moisture on
growth based on species-speciﬁc drought tolerances is deter-
mined at an annual time step.
(4) Implement age-related and stress-related mortality. Individ-
uals stressed for at least two consecutive years have a 37%
chance of mortality in each subsequent year of stress. Dead
trees are removed at the beginning of each simulation year.
(5) Determine optimal diameter increment for each species in
the simulation. Optimal diameter increment represents maxi-
mum  growth without environmental constraints. The optimal
diameter increment for each tree is determined at the end of
each simulation year based on tree size and species.
(6) Compute soil fertility limitations based on a combination of
the potential annual biovolume accumulation, the amount
of new biovolume that can be supported by the soil quality
on each plot, and species-speciﬁc soil nutrition requirements.
When the annual biovolume increment exceeds the annual
GPP that can be supported by the soil conditions, growth of all
species on the plot is downscaled, but some species are more
sensitive to this limitation. This is computed at an annual time
step.
(7) Determine available light for each grid block in the simulated
environment above the terrain using the Beer–Lambert law
extinction as a function of leaf area index (LAI). Compute inci-
dent direct radiation from seven compass directions (no direct
light from the north in extratropical northern hemisphere)
and solar elevation angles. Assess diffuse radiation along two
angles from each of eight compass directions and from directly
overhead. Adjust crown base of each tree crown based on light
extinction through the canopy and species-speciﬁc shade tol-
erances. Estimate shade-related growth limitations for each
individual tree based on available light averaged across theModelling 320 (2016) 182–196
entire crown length. The light environment is computed at
the end of each simulation year.
(8) Compute the realized DBH increment for each individual tree
in the simulation based on the optimal diameter increment
scaled down by the multiplicative effect of species-speciﬁc
tolerances to environmental effects of growing degree days,
available light, and the minimum of the below-ground factors
(soil moisture, soil fertility, permafrost). Tree size is incre-
mented at an annual time step.
(9) Flag for possibility of stress-related mortality the individuals
not realizing a species-speciﬁc threshold (%) of their optimal
growth in the current simulation year due to environmental
limitations. Remove stress ﬂags from previously-stressed indi-
viduals that realize growth above a species-speciﬁc threshold
(%) of their optimal growth.
(10) Compute ground-level light at the plot scale based on leaf area
index and light extinction through the canopy from multi-
ple directions for direct and diffuse light. Ground-level light
is computed at the end of each simulation year.
(11) A “seedbank” is generated based on relative viable seed avail-
ability for species in the simulation (e.g. more for Scots pine
than for aspen). Using a uniform random number generator,
saplings are selected from the seedbank for establishment
up to a maximum stem density, which is speciﬁed at the
plot level. New saplings are sprouted from the seeds selected
from the species-speciﬁc relative seed bank based on species-
speciﬁc ground-level light requirements and an accumulation
of species-speciﬁc number of climatologically favorable years.
New saplings with a DBH of 2.5 cm ± 0.25 cm are planted
within the 100 m2 plot, without an explicit x, y location within
the plot. New saplings are planted at the end of each simula-
tion year.
The state variables of DBH, height of crown base, and stress ﬂags
for each individual in the simulation are carried over from year
to year. Environmental forcings affect how much of the optimal
diameter increment is realized each year by each individual tree.
See Fig. 1 for a conceptual diagram of the model.
We further developed the algorithm for light-ray tracing
(Weishampel, 1994) for compatibility with independent and
interactive simulation modes. Fig. 2 shows the conﬁguration of
simulated plots on the ground for the 1-D and 3-D simulations of
the light environment and the associated ray traces. To provide
continuity in the generation of the 3-D light environment in the
interactive simulation mode, the westernmost edge of the simu-
lation grid is wrapped around to the easternmost edge, and the
southernmost edge of the grid is wrapped around to the north-
ernmost edge, creating a torus. In this manner, edge effects are
eliminated and a tree located in the westernmost plot, for exam-
ple, can still cast shadows to the southwest, west, and northwest
by wrapping this shadow around to the easternmost edge of the
simulation grid (Fig. 3). To avoid numerical instability during edge-
to-edge wrapping, the user should specify a spatial domain wider
and longer than the maximum shadow length during the growing
season at the latitude of interest. In contrast, in the 1-D simula-
tion mode, independent plots are collocated and the light ray is not
wrapped around. The light is only computed from directly over-
head, which limits the shade cast by the canopies to the plot they are
on. However, light is arguably the most important driver of forest
dynamics (Purves et al., 2008; Purves and Pacala, 2008). SIBBORK
is able to resolve the spatial interaction between light and vege-
tation, including height-structured competition, via this 3-D light
subroutine. SIBBORK is therefore the logical model for simulation
of boreal forest, which has a unique light regime.
The 3-D light environment is comprised of a 50 m-thick slice of
the atmosphere above the grid of plots. Light is diminished through
K. Brazhnik, H.H. Shugart / Ecological Modelling 320 (2016) 182–196 185
Fig. 1. Conceptual diagram of process ﬂow in SIBBORK. Pre-processing includes analysis of climatological, radiation and edaphic factors for the location of interest and
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feneration of topography and associated gradient matrices using ArcGIS. Weather 
le  contains a record of state variables at user-speciﬁed increments. Height (m), b
elow  ground biomass (t), and leaf area (m2) are computed at the individual level f
hading by (1) terrain and (2) surrounding canopy. On a landscape,
igher south-facing slopes receive more light than north-facing
lopes and valley bottoms throughout the growing season due to
errain shading. Furthermore, SIBBORK computes direct and dif-
use radiation as light travels through and below the canopy within
he simulated space above the simulation grid. The 3-dimensional
ight computation is spatially-explicit, as the light environment at
ach location in the canopy is affected by foliage density and forest
tructure at adjacent and nearby locations within the canopy, both
ertically and horizontally. The shading effect is computed based
n the cumulative 3-D canopy of all trees on one plot, however, the
umulative leaf area and its vertical distribution on a plot 100 m2 in
ize is mostly determined by 1–2 canopy dominant trees. Within a
ig. 2. Comparison of 1-D and 3-D light subroutines in dynamic vegetation models. (a) 
arlo  style simulations of independent plots at point locations, the light is only computed
irect  light is computed from 7 compass directions (no light directly from the north in t
rom  8 compass directions and from directly overhead.erated at the monthly time step. State variables are updated annually. HDF output
ea (m2), biovolume (m3), foliar biomass (t), above-ground biomass (t), above and
BH during post-processing, and aggregated at the user-speciﬁed scale.
forest, light along a ray trace is likely to diminish due to LAI before
reaching the distance of maximum shadow length.
The annual optimal diameter increment has been modiﬁed
following methodology in Bragg (2001, 2003). Annual diameter
increment (ADI) curves were ﬁtted for each species in the simu-
lation using equation form
OI = a · DBHb · cDBH (1)
where OI is the optimal diameter increment (cm), DBH is in cm,  and
a, b, and c are species-speciﬁc coefﬁcients. The approximation of
the optimal ADI in ZELIG (Urban, 1990) and JABOWA (Botkin et al.,
1972) individual-based gap models was based on the assumption
of a maximum tree age, which is difﬁcult to estimate. Additionally,
In non-spatially-explicit simulations, such as the 1-D mode of SIBBORK or Monte
 from one direction–directly overhead. (b) In our spatially-explicit simulation, the
he northern hemisphere), and the diffuse light is computed from an isotropic sky
186 K. Brazhnik, H.H. Shugart / Ecological Modelling 320 (2016) 182–196
Fig. 3. Over the course of the growing season, a single 20 m tree casts a shadow in different directions. The shadows to the northeast, north, and northwest are generally
shorter  than the shadows to the east and west, because the solar angle in the southwest, south, and southeast is greater. (a) A slice through the E–W plane. Full (100%) light
(red),  no light in the regions below terrain (blue), and varying degrees of shade (yellow, orange) from a single 20 m tree along the direct light ray traces. Edge wrapping
eliminates edge effects, here from E to the W edge. (b) View from above: shade along 7 directions and wrap-around of shade that the tree casts to the E and W.  The shadows
to  the southeast and southwest are not signiﬁcant during the growing season, so only 5 signiﬁcant shadows (yellow) are seen from above. The shadows cast to the east and
west  are similar in length, however, due to the positioning of the tree within the simulation grid, the shadow to the west should extend past the westernmost edge of the
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he  shadow cast by the tree to the east. (c) Synthesis of (a) and (b) for a 3-D view o
eferences to color in this ﬁgure legend, the reader is referred to the web version of
he formulation assumes no tree growth occurs past the maximum
ge. The Bragg formulation does not constrict tree growth to an
stimated maximum age, but does signiﬁcantly reduce vigor for
lder trees. Removing the maximum tree age assumption allows for
rees in favorable environmental conditions to continue growing
nd accumulating carbon, as supported by Luyssaert et al. (2008).
ig. 4 compares the Bragg and JABOWA-based formulations.
For each species, the ADI curves based on Usolsky inventory
eﬂect an annual increment approximately double the magnitude
f the ADI from forestry yield tables. Yield table values represent
egional averages. The Usolsky inventory reports averages from
maller areas, some of which may  be representative of microcli-
ates, in which some species experience enhanced productivity.
e assumed that the optimal ADI, not affected by environmental
ig. 4. The difference in parameterization of the annual ODI in ZELIG and SIBBORK is
emonstrated by the black and blue lines, respectively. Here, Pinus sylvestris growth
s  shown as an example. The black triangles and a ﬁtted Bragg-curve (blue) show
he  average observed ADI, as represented in regional forestry yield tables. The green
quares and the ﬁtted Bragg-curve (green) denote the maximum observed diameter
ncrements in Usolsky. These values are averaged across a smaller area, and may
apture some pockets of microclimates where Pinus sylvestris has achieved greater
nnual growth. The red line represents the annual ODI parameterized in SIBBORK
ased on iterative adjustment of a multiplier coefﬁcient for the ADI from the yield
ables. (For interpretation of the references to color in this ﬁgure legend, the reader
s  referred to the web version of this article.) edge and enters the simulation space from the east, in this case, overlapping with
errain and light environment above the simulation area. (For interpretation of the
rticle.)
factors, will be greater than even the maximum observed ADI from
the Usolsky forest. The adjustment coefﬁcient between largest
observed ADI reﬂected in the forestry yield tables and the ODI in
SIBBORK was determined iteratively for each species and varied
between 1.2 and 5.0.
Species-speciﬁc allometric equations in SIBBORK represent ﬁt-
ted relationships for height, biovolume, and biomass as functions
of DBH (shown for Siberian ﬁr in Table 1). Some relationships are
conveyed as piece-wise functions to preserve realism. In ZELIG,
allometric equations for each species followed the same form and
no piece-wise equations were used.
In contrast to the ZELIG estimation of leaf area as a function of
DBH, the leaf area calculation in SIBBORK utilizes species-speciﬁc
conversions from foliage biomass to leaf area following the method
described by Breda (2003):
LA = Bf · SLA (2)
where LA is leaf area (m2), Bf is foliage biomass (kg), and SLA repre-
sents published speciﬁc leaf area values for each species (m2 kg−1).
Foliage biomass was empirically-derived as a species-speciﬁc func-
tion of DBH based on forestry yield tables.
Finally, in ZELIG, PET was  computed via the
Thornthwaite–Mather equation (Thornthwaite and Mather,
1957). However, the Thornthwaite equation has not been val-
idated for the calculation of PET at high latitudes above 50◦N
(Botkin, 1993), and correction factors are not available for those
regions. For this reason, a modiﬁed Penman equation was utilized
for the computation of PET in SIBBORK for the boreal forest:
PET = a · (Ta + b) · St

(3)
where  is the latent heat of vaporization (2430 J g−1), a and b are
coefﬁcients with typical values of 0.025 ◦C−1 and 3 ◦C, respectively,
Ta is the average monthly air temperature (◦C) and St is the solar
radiation (W m−2) computed in GIS at the plot level (Campbell,
1977). This approach allows for representation of hydrological gra-
dients in SIBBORK based on terrain slope and aspect.
2.2. Model testingFollowing a stand-replacing disturbance, numerous saplings
regenerate on bare ground. This stage in succession corresponds
to a rapid increase in biomass accumulation. As the saplings grow,
peak biomass is attained before the competition for space, light
K. Brazhnik, H.H. Shugart / Ecological Modelling 320 (2016) 182–196 187
Table  1
Species-speciﬁc allometric equations in general follow polynomial or exponential forms for each species, but piece-wise functions describe growth better for structural forms
of  some species and include logarithmic functions for older trees. Species-speciﬁc allometric equations were derived by ﬁtting lines of best ﬁt to regional yield table data
from  Shvidenko et al. (2006).
Species Height Above-ground biomass (t tree−1) Biovolume (m3 tree−1)
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For  DHB > 30 cm: 5.7405 ln(dbh) + 7.85 (R2 = 0.9929)
nd other resources results in natural thinning and a decrease in
tand biomass via mortality of trees from the initial cohort. As new
aps in the canopy open up due to tree mortality, new saplings
egenerate in the gaps. Eventually, equilibrium is reached between
egeneration and mortality, resulting in the stabilization of stand
iomass, basal area, and biovolume—this deﬁnes the mature or
quilibrium forest. Fig. 5 shows this behavior for biovolume of a
arch stand initialized from bare ground. During model testing, we
ssessed SIBBORK’s ability to reproduce these stand dynamics via
eriﬁcation and validation tests.
Veriﬁcation of the model involves the comparison of model out-
ut to the data on which it was “trained”—which was used for
arameterization of the model and creation of input ﬁles for the
imulation. Veriﬁcation assesses how well the numerical model
ligns with the conceptual model (Cale et al., 1983). In this case,
he conceptual model includes the assumptions that tree estab-
ishment, growth, and mortality depend on the light environment,
limate and soil conditions. This simpliﬁed model quantiﬁes the
ependencies of each species on these four environmental factors,
nd adjusts growth based on species-speciﬁc tolerances to resource
imitations.Conversely, a model can be validated by comparing the model
utput to an independent data set, information from which
as used to initiate the model, but which was  not employed in
arameterization. Validation tests the accuracy of the concept
ig. 5. Typical stand biovolume accumulation pattern after a stand-replacing dis-
urbance, here for Larix sibirica, is shown here via the solid line, and was  obtained
y spatially averaging output from 900 plots in the simulation domain and across
50 independent model runs initialized from bare ground. Dash-dot line represents
tand biovolume accumulation presented in a forestry yield table for larch. “Young”
tands were deﬁned as stands at less than 30% of the maximum age for the species.
his timeframe is shaded in a tilted rectangle along the left side of the ﬁgure, labeled
young”. Stand structure characteristics (DBH, height, stem density) of young stands
ere  veriﬁed against forestry yield tables via linear regression. Equilibrium stands
ere deﬁned as those with stabilized basal area and biovolume. This time frame
s shaded in a rectangle along the right side of the ﬁgure, labeled “mature”. Stand
tructure (DBH, height, stem density) and aggregate characteristics (basal area, bio-
olume) of mature stands were validated against an independent dataset from the
solsky forest timber enterprise via non-parametric Smirnov–Kolmogorov test and
inear regression. The region shaded under the peak denotes the difference in bio-
olume accumulation patterns between natural and managed plantation stands.7) 0.0001dbh2.3813
(R2 = 0.9975)
0.0001dbh2.5371
(R2 = 0.9993)
map  and how well the model can be generalized to new scenarios,
environments and locations. The model may  need to be revised
several times in order to achieve the desired accuracy and realism
in representation of forest growth and responses, and to better
match the computer simulation to the concept map  of the forest
processes, feedbacks, and interactions (Cale et al., 1983).
Usually, model veriﬁcation and validation are conducted by
comparing model output from a given year of simulation (or a
time-average) to a dataset that represents a “snapshot” of the for-
est conditions at a given time. A stronger test is the comparison
of model output to data that represents a timeseries and reﬂects
how the structure of a stand changes over time (Bugmann, 2001).
Veriﬁcation and validation of SIBBORK employed this stronger test.
SIBBORK output was  evaluated against multi-dimensional empir-
ical timeseries. Plot-level output was spatially averaged across a
9-ha simulation domain and compared to ﬁeld data at speciﬁc time
increments. Averaging across 150 independent simulation repli-
cates enhanced statistical validity of model output (Bugmann et al.,
1996). Only ﬂat terrain was  simulated for model calibration and
testing.
2.2.1. Model veriﬁcation
The yield tables used for veriﬁcation contain species-speciﬁc
data on regional average DBH (cm), height (m), stem density
(stems ha−1), basal area (m2 ha−1), biovolume (m3 ha−1), and
biomass (t ha−1) at decadal or 5-year increments, for 100–300 years
of tree growth. Mature forests and old growth are generally not rep-
resented in forestry yield tables, so this dataset could only be used
to verify relatively young forest structure, for stands that have not
yet peaked or stabilized in biomass (see Fig. 5). The “young stands”
column in Table 2 corresponds to the time frame used for veriﬁ-
cation comparison between model output and forestry yield table
data for each species. The model was initialized from the same ini-
tial conditions (average DBH, stem density) as the ﬁrst record in the
yield table for the species (Table 3). Thereafter, estimated growth of
individual trees was  compared to observed growth at 5- or 10-year
increments, depending on data record, using linear regression on
the three variables that represent forest structure: average DBH,
height, and stem density. Stand aggregate basal area, biovolume,
and biomass are functions of DBH and stem density, so if the struc-
ture of the forest is simulated appropriately, the stand aggregate
information is more likely to also compare well to observations.
2.2.2. Model validation
To assess that the predictive capability of the simulation con-
tinues from young into mature forests, simulated and observed
biovolume from mature forest stands were compared using lin-
ear regression. Model validation employed an independent dataset
from the Usolsky forest enterprise (Ershov and Isaev, 2006), con-
taining average age, DBH, height, and biovolume for polygons with
homogenous canopy composition (i.e. same dominant species).
Space-for-time substitution was  used to generate a timeseries
dataset for quantitative evaluation of the simulated mature boreal
forest characteristics. The Usolsky forest is managed, and the histo-
ries of the stands within the enterprise are not known (i.e. thinning,
logging schedule, natural disturbances).
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Table 2
Timeframe deﬁnitions for “young” stands and “mature” stands were obtained from monospecies simulations of 1000 years in duration. Between young and mature stands, a
peak  in biovolume is observed in the simulation and in natural forests, however, this peak is not represented in forestry yield tables likely due to management practices, and
is  only speciﬁed here for simulated dynamics. Mature stands are those with stabilized biovolume, biomass, and basal area. This timeframe was used for model veriﬁcation
against the Usolsky forest inventory. * Maximum species ages were obtained from Nikolov and Helmisaari (1992).
Species (units) Young stands
(stand age, years)
Maximum
biovolume (stand
age, years)
Stabilized
biovolume (stand
age, years)
Maximum age for species*
(1% survive to this age)
(age, years)
Abies sibirica 20–110 120–130 >290 300
Larix  sibirica 40–120 110–120 >240 400
Betula pendula 15–40 50–60 >115 120
Picea  obovata 20–110 100–110 >300 500
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Pinus  sylvestris 20–110 95–105 
Populus tremula 10–60 50–60 
For each monospecies simulation, the model was  initialized
rom bare ground. Sapling establishment was turned on only for
he species of interest. Spatially averaged (across the simulation
rea of 9-ha) biovolume was recorded at ten year intervals dur-
ng the “mature” timeframe from 150 independent replicate model
uns and assessed against biovolume records from the Usolsky for-
st inventory for areas with corresponding dominant species and
verage age.
The more interesting analysis, of course, is for mixed forest.
ecords of mixed forest characteristics are available for several
pecies combinations in the yield tables, Usolsky inventory, and
n the literature (Petrov and Ponomareva, 1977; Reimers, 1990;
hugart et al., 1992; Röser et al., 2002; Schulze et al., 2005; Chen
t al., 2005). For each comparison, only the species present in the
bserved forests were included in the simulation. Whenever initial
onditions were provided, the model was initialized from those
nitial conditions. Otherwise, the model was initialized from bare
round. The timing and magnitude of successional transitions from
ioneer to equilibrium species was qualitatively evaluated. The
asal area, biovolume and biomass of simulated forests at decadal
ncrements were quantitatively evaluated against available data.
.2.3. Model generalizability
The model’s generalizability was tested using observations from
hree types of forest stands at a middle taiga site, which is located
utside the calibration region and has different soil characteristics,
limate and radiation budget than the southern taiga ecotone rep-
esented in forestry yield tables and the Usolsky forest. Antonio
t al. (2007) suggest that allometric relationships are not affected
y stem density, climate or site index, therefore, these relationships
ere left unchanged in SIBBORK for the generalizability test, how-
ver, there is new evidence that the allometric relationships are
hanging in regions of Siberia (Lapenis et al., 2005), and the static
llometry may  be a limitation of the model when it is applied to
nvestigate stands outside of the calibration region or to climate
ensitivity analysis. Site characteristics are reported in the bottom
ow of Table 4.
able 3
nitial conditions from the ﬁrst year of record of the forestry yield tables (Shvidenko
t  al., 2006) used to initialize model for veriﬁcation testing.
Species (units) Stand age
(years)
Initial DBH
(cm)
Initial stem
density (stems
per ha)
Abies sibirica 20 3.8 7300
Larix sibirica 40 11.3 2200
Betula spp. 15 6.5 2400
Picea obovata 20 8.8 900
Pinus sibirica 30 9.8 2700
Pinus sylvestris 20 4.8 13,500
Populus spp. 10 5.0 7800>240 400
>260 300
>90 100
The observed forest types at the middle taiga location include
a birch-dominated 50-year old stand, a mixed forest with an esti-
mated age of 250 years, and a 400–500 year old forest dominated
by 200-year old ﬁr. The mixed forest contains ﬁr, birch, spruce,
Siberian cedar, and species from the Sorbus genus. The latter are
not parameterized in the model, as mountain ash, rowan, and other
species of the Sorbus genus are not considered economically viable
and are, therefore, not represented in forestry yield tables or for-
est inventories. The model was initialized from bare ground, with
regeneration turned on for all the species present in the mixed
forest described by Röser et al. (2002). We  evaluated the projec-
tions of average DBH, height, stem density, basal area, and species
composition for each of the three types of stands.
2.3. Site descriptions
The region’s continentality, extensive snow cover, unique light
regime, and the inﬂuence of the Siberian semi-permanent high
pressure system and the continental arctic air masses facilitate the
extreme cold winter temperatures. The rest of the year, continental
temperate and continental tropical air masses bring little precip-
itation to the region (Lydolph, 1977; NCDC, 2005a,b). Annual PET
demands regularly match and in some regions exceed annual pre-
cipitation (Shugart et al., 1992; Yamazaki et al., 2004). In general,
throughout the short growing season, there is either not enough
heat or moisture, or both, to support most arboreal species, result-
ing in a ﬂoristically-simple ecosystem dominated by frost-hardy
trees.
2.3.1. Training region
Shvidenko et al. (2006) present a compilation of several hundred
yield tables for natural, fully-stocked, managed and unmanaged,
single-species and mixed-species forests across various regions
of Eurasia. The yield tables are applicable for speciﬁed regions
where the terrain can be described as ﬂat or nearly-ﬂat (less
than 20◦ slope). Highest productivity yield tables for each species
predominantly for the southern taiga ecotone were used for param-
eterization of the model.
2.3.2. Validation site
The validation site (57◦36′N, 95◦23′E) is within the boundaries of
the Usolsky Forest Enterprise located in southern taiga, at the con-
ﬂuence of the Yenisei and Angara rivers (Ershov and Isaev, 2006).
This site will from hence forth be referred to as the Usolsky forest or
the southern taiga location. The topography of the Usolsky forest is
representative of the lower slopes of the central Siberian uplands,
with elevation ranging from 95 to 460 m amsl.A continental climate with short, warm,  dry summers, and long,
dry, cold winters characterizes this region of central Siberia. Mean
annual air temperature is −1 ◦C. The average annual precipitation is
410 mm,  with a minor wet season occurring in June–August (WMO
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Table  4
Top row: site parameters for the Usolsky forest (southern taiga), located near the conﬂuence of the Angara and Yenisei Rivers in southern Krasnoyarsk Region, Russia. Bottom
row:  climatological and radiation parameters for the middle taiga site described by Röser et al. (2002), used to test model generalizability. The climate parameters were
computed based on data from the Yenisejsk and Turukhansk World Meteorological Organization stations, respectively. Ranges represent monthly low and high averages.
Soil  characteristics were obtained from Stolbovoi and Savin (2002). Field capacity was computed as 1/4 of Total Available Water Capacity (cm), and wilting point corresponds
to  1/2 of ﬁeld capacity (cm) in the top 1 meter of soil, using methodology from Shuman (2010). The radiation parameters were computed using Area Solar Calculator in
ArcGIS (Fu and Rich, 2002) and validated against World Radiation Data Centre datasets from Vanavara (60◦12′N, 102◦10′E) and Ekaterinburg (56◦29′N, 60◦23′E) stations.
These  environmental parameters represent the difference between the simulation of southern and middle taiga in central Siberia.
Lat. ◦N Long. ◦E
Alt. (m)
Ecotone Mean monthly
temperature
(C◦)
Mean monthly
precipitation
(mm)
Soil ﬁeld
capacity (cm)
Soil wilting
point (cm)
Mean monthly
radiation
(W m−2)
Mean monthly
radiation
(growing
season)
(W m−2)
Relative direct
and diffuse
solar radiation
(growing
season)
57.61 South taiga −21.1 to +18.6 13.03–62.29 41.0 20.5 115 176 0.47/0.53
95.38
180.0
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180.0
ata analysis, NCDC, 2005a,b). Annual evapotranspiration rates are
n the range of 500–700 mm  (Yamazaki et al., 2004; MOD16 Global
errestrial Evapotranspiration dataset) and exceed average grow-
ng season precipitation, indicating that soil thaw and the thawing
f the active permafrost layer are important sources of soil moisture
n central Siberia. Areas of insular permafrost underlay southern
aiga, however, no detailed information is available regarding pres-
nce of permafrost at the validation site within the Usolsky forest.
op row of Table 4 lists additional site parameters.
The Usolsky forest inventory was collected in 1992 by an
ast-Siberian Forest Inventory Enterprise and compiled into a GIS
ataset, which includes average age, DBH, height, and dominant
pecies for over 120,000 irregularly-shaped polygons ranging in
izes from 34 m2 to tens of hectares. Polygons are grouped by dom-
nant species, so that each polygon represents only one canopy
ominant species. Subcanopy species are recorded for some poly-
ons. The vegetation in the Usolsky forest varies based on the
ogging rotation, with signiﬁcant areas of closed-canopy taiga.
en primary arboreal species within six genera comprise the for-
st: Betula spp. and Populus spp. are found along higher elevation
lopes and in areas of recent disturbance; Picea obovata, Abies
ibirica, and Pinus sibirica generally occupy the moist soils on north-
acing slopes, and along rivers and stream drainages; while Larix
ibirica and Pinus sylvestris are found on poor soils at higher eleva-
ions. The minimum average DBH recorded is 2 cm.  At the time of
nventory, the stem densities ranged 3000–10,000 stems ha−1, with
aximum stem densities observed in stands dominated by Abies
ibirica.  The basal area in Usolsky ranged from 16 to 320 m2 ha−1.
hen only canopy dominant trees were considered, the average
ree age in the Usolsky forest was 107 years, the average height
as 20.3 m,  and the average DBH was 24 cm.  The average tree
ge on each polygon was reported to the nearest 5 years, aver-
ge DBH—to the nearest centimeter, and average height—to the
earest meter. Biovolume was speciﬁed for <20% of the polygons
n the survey. In 1992, the average biovolume within Usolsky
as 183 m3 ha−1, with up to 510 m3 ha−1 of above-ground bio-
olume accumulated on the most productive sites along river
anks in stands dominated by old growth (>100 years old) Pinus
ylvestris.
.3.3. New location site
We tested the generalizability of the model by applying it to the
imulation of vegetation at a location 600 km north–northeast of
he Usolsky forest without additional tuning of model parameters.
his site experiences colder winters, and a similar, though wetter,
rowing season regime compared to the Usolsky forest. Table 4
eﬂects the differences in climate, radiation budget, and soil31.25 115 166 0.45/0.55
characteristics between this middle taiga site and the Usolsky
forest location.
3. Results
3.1. Veriﬁcation
Fig. 6 summarizes the signiﬁcant agreement between observed
early stand development in Siberia and the evolution of the young
monospecies stands in the simulation over the course of several
decades. The stand structure, assessed through DBH, height, and
stem density, is accurately projected, with high Pearson correla-
tion coefﬁcients for the linear regression on all three variables
(range: 0.93–0.99) for the seven species in the simulation. Regres-
sion slopes for the major stand structure variables approached
unity ( ±  for DBH: 0.92 ± 0.1; height: 0.96 ± 0.05; stem density:
0.95 ± 0.05). Regression line intercepts were close to zero for height
and DBH, and 19.3 for stem density. The intercept for stem density
is not expected to be close to zero, since the model simulation for
this comparison was  not run long enough to have all trees in the
simulation die. The simulated self-thinning process and the associ-
ated decrease in stem density as the stand matures compared well
to the forestry yield table data.
3.2. Validation
The range and overlap of the biovolume distributions demon-
strate that the structures of the simulated monospecies stands
were very similar to the observed mature stands (Fig. 7a–g). As
the generalizability of the model should not be sacriﬁced to obtain
a perfect match with a single validation dataset, we evaluated
the robustness of the simulation via linear regression on simu-
lated, spatially-averaged biovolume against observed monospecies
stands in Usolsky forest (Fig. 7h). The model reproduced biovolume
accumulation patterns for thousands of trees of different species
with reasonable accuracy (average R2 = 0.83, RMSE = 30 m3 ha−1,
slope = 0.97, intercept = 20).
In the assessment of dynamics in a mixed stand containing
larch, ﬁr, Siberian cedar, and birch (Semechkin, 1990, in Shvidenko
et al., 2006), simulated forest composition changed from a birch-
dominated forest to one dominated by pine over the course of three
centuries (Fig. 8 top panel). The same successional transition was
reproduced by SIBBORK using two  approaches: (1) starting with
the same initial conditions as the ﬁrst year of record in the forestry
yield table, and (2) starting from bare ground. Throughout the sim-
ulation, ﬁr and larch consistently contributed 5–15% to the overall
biomass of the forest. Presented in Fig. 8 are the averages from 150
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(Fig. 6. Linear regression analysis on variables that describe the st
eplicates, however, even a single model run reproduces the succes-
ional transition along the appropriate pathway and at appropriate
imes. The simulated structure of this mixed stand closely tracks the
bserved structure of the stand: average height of 25 m and 24 m,
asal area of 44 m2 ha−1 and 40 m2 ha−1, and biomass of 280 t ha−1
nd 260 t ha−1 during the timeframe of 250–300 years from distur-
ance for observations and simulation output, respectively, on site
ndex III soils, which have an approximate GPP of 7 m3 ha−1 yr−1.
The most interesting feature of the SIBBORK model is the abil-
ty to simulate heterogeneous stands of mixed-age mixed-species
orests. In the 7-species mixed forest simulation, the environmental
onditions and species-speciﬁc tolerances to resource limitations
ictated which species established when, if at all. The successional
rajectory, reﬂected through biomass changes for different species,
s depicted in Fig. 8 (middle panel) and compares well to litera-
ure descriptions of the forests at different stages of succession in
he same region (Petrov and Ponomareva, 1977; Reimers, 1990;
chulze et al., 2005). The realism of biomass dynamics and suc-
essional transitions in a 1000-year simulation was  assessed using
otential natural vegetation of the central Siberian region. The
ransition between pioneer and equilibrium species in the simu-
ation occurred at the appropriate time from disturbance (Röser
t al., 2002; Shvidenko et al., 2006), as shown in Fig. 8. Initially,
irch dominated the simulated landscape (180 m amsl, ﬂat), as
xpected. Starting around the sixth decade of the simulation, birch
as gradually superseded by larch and pine. Thereafter, a mixed
roadleaf/conifer forest existed brieﬂy one and a half centuries post
isturbance. By year 200, the forest was comprised predominantly
f larch and pine. Larch in Siberia coexists only with pine (Pinus
ylvestris), because the foliage of both species is light enough to
acilitate coexistence of these two shade-intolerant species. The
arch/pine forest was replaced by dark conifers (Siberian cedar,
r, spruce) three centuries post disturbance. Canopy structure of
ark conifers facilitates trapping of light, so the forest ﬂoor is dark
nd pioneer species are not able to return until large enough gaps
re formed (mortality of dominant trees on several adjacent plots).
ufﬁcient mortality of dark conifer species was observed approx-
mately four centuries post disturbance, and the larch/pine forest
eturned, with few birches growing in areas with particularly large
aps. Over the course of the 1000 year simulation, two cycles of
arch/pine forest replacement with dark conifers occurred in the
urrent version of SIBBORK, which does not include disturbance.
Total biomass was computed using biovolume and species-
peciﬁc and, where available, region-speciﬁc bulk density values
rom the literature (Curtis et al., 2000; Yatskov et al., 2003;
eedre et al., 2013). Total biomass of mature mixed forest aver-
ged across 150 replicates and across ﬁve levels of soil nutrition
site indices) was 104.3 ± 30.1 (t ha−1), which compares well withre of young monospecies stands—DBH, height, and stem density.
99.61 ± 48.53 (t ha−1) reported for the region near the conﬂuence
of the Angara and Yenisei Rivers (Houghton et al., 2007) and repre-
sents the variety of soil conditions observed in the region (Stolbovoi
and McCallum, 2002). Structural and compositional agreement
between simulated and observed stand dynamics of multi-species
boreal forest over the short (decades) and long (centuries to millen-
nia) time scales provide further support for validation of SIBBORK.
3.3. Generalizability
The results of the generalizability test (Fig. 8, lower panel)
demonstrate the ﬂexibility of the model with regards to applica-
tion to a different region of the Siberian boreal forest without the
need for tuning model parameters. The simulated structure and
composition are comparable to stand characteristics from three
different stands at a middle taiga site (Röser et al., 2002). The
youngest of the three is an even-aged 50-year old birch-dominated
stand with the main canopy height of 15 m,  stand density of
4600 stems ha−1, and basal area of 30.2 m2 ha−1(Röser et al., 2002).
Around the 50th year of the simulation, the birch stand exhibits an
average height of 18.5 m (for stems with DBH > 6.0 cm), stem den-
sity of 1300–1400 stems ha−1 (for stems with DBH > 3.0 cm), and
basal area 28 m2 ha−1. The transition from birch to ﬁr dominance
occurs over the years 90–130 in the simulation, which compares
well to the transition at stand age 100–150 years observed at this
middle taiga site. The mixed forest during the transition period
contains birch, ﬁr, spruce, and a small contribution from Siberian
cedar. Approximately 200–400 years post stand-replacing distur-
bance (in the model: from bare ground), a mixed coniferous forest
develops. Aside from lack of silvicultural information for the Sor-
bus genus, which is not represented in the model, the species
composition in the simulation matches closely to the observed
composition of the 250-year old mixed coniferous forest. The simu-
lated mixed forest exhibits an average height of 20–21 m (for stems
with DBH > 6.0 cm), stand density of 2200 trees ha−1 (for stems with
DBH > 3.0 cm), and basal area of 38.5 m2 ha−1. Field observations
from the mixed forest reﬂect structure with a mean height of 22 m,
stem density of 2467 stems ha−1, and basal area of 35.7 m2 ha−1.
The observed 200-year old ﬁr-dominated forest occurred 400–500
years post disturbance. At this point in the simulation, the forest
is co-dominated by ﬁr and Siberian cedar, with spruce compris-
ing a smaller fraction, and only a few isolated old growth birches.
This is comparable to the ﬁr-dominated forest described by Röser
et al. (2002), except in the observations spruce contributes some-
what more to stand composition than Siberian cedar. The reported
stand characteristics include a mean canopy height of 22 m,  stem
density of 1056 stems ha−1, and basal area of 46.5 m2 ha−1. The sim-
ulation produces ﬁr-dominated stands with mean canopy height
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Fig. 7. (a–g) Simulated and observed biovolume distributions for the seven major species included in the SIBBORK simulation of central Siberian boreal forests. Good overlap
of  distributions is more important than differences identiﬁed by the Smirnov–Kolmogorov test, as the model is not intended to simulate just the test site, but needs to be
generalizable across the broader region of Siberia. (h) Linear regression analysis reveals a strong relationship between simulated and observed timeseries of biovolume for
mature  stands at decadal time steps, with slope near unity and R2 > 0.64 for all seven monospecies stands.
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Fig. 8. Results of multi-dimensional model testing are presented in three panels. The same color-coded legend for species shown in the middle panel applies to all subsets,
except  the lower leftmost bar graph. (a) SIBBORK output is compared to forestry yield table records (Shvidenko et al., 2006) for secondary succession dynamics in a mixed
broadleaf–conifer forest comprised of four species: Pinus sibirica, Betula pendula, Picea obovata, and Larix sibirica. Observed shifts in species composition are reproduced by a
simulated secondary succession trajectory over the course of 300 years from stand-replacing disturbance (bare ground). (b) Successional dynamics in a 1000-year simulation
appropriately represent the transition from a short-lived birch-dominated (Betula spp.) community, to co-dominance by larch and pine (Larix sibirica, Pinus sylvestris, Pinus
sibirica),  to a dark conifer forest comprised of ﬁr (Abies sibirica), spruce (Picea obovata) and Siberian cedar (Pinus sibirica), with few instances of larch and pine. Similar
successional stages and transitions are described in the literature for southern and middle taiga forests (Reimers, 1990; Shugart et al., 1992; Schulze et al., 2005). (c) The order
of  bars in all three graphs is the same: observed (Röser et al., 2002) (left bar) and simulated (right bar) for each age group. Simulation of stand structure at a new location
revealed the robustness of SIBBORK in reproducing forest stands outside of the model veriﬁcation region. The leftmost ﬁgure demonstrates that the observed and simulated
basal  area of 50, 250, and 400–500 year old forest stands at a middle taiga site are very close. This ﬁgure represents the average per hectare basal area from 150 independent
replicates of the model simulation. Each model simulation represents a 9-ha area, divided into 900 plots. The standard deviation was obtained from each simulation. The
standard error of the means, computed as the standard deviation divided by the square root of the number of samples is on the order of 0.01–0.1 m2 ha−1 for each time step
in  the simulation. For clarity, these error bars were omitted from the ﬁgure. Errors or variability in the ﬁeld observations were not reported by Röser et al. (2002). The two
right-most ﬁgures in this panel show the observed and simulated species composition, with the presence of Sorbus spp. in the observation dataset (center), and with Sorbus
spp.  contribution removed (right) and the species composition for the observations normalized to the total stems without Sorbus spp. The simulation does not include Sorbus
spp.,  which comprises a group of trees and shrubs in the Rose family that is not valuable for the timber industry. (For interpretation of the references to color in this ﬁgure
legend,  the reader is referred to the web version of this article.)
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f 21–23 m,  stem density of 1050–1150 stems ha−1, and basal area
6–47 m2 ha−1. Only stems with DBH greater than 6 cm and 3 cm
ere used in calculating mean canopy height and stem density,
espectively, to avoid skew of the average height by the presence
f a multitude of smaller stems. Röser et al. (2002) did not report
hat size trees were included in the stem density estimate, so we
etained stems with DBH > 3.0 cm for the comparison. The close
atch between simulated and observed stem densities at different
tand ages reﬂects the models ability to realistically balance sapling
stablishment and stem mortality rates. SIBBORK simulates succes-
ional transitions similar to those reported by Röser et al. (2002),
hich further demonstrates the model’s robustness and general-
zability to regions outside those used for model calibration and
alidation.
. Discussion
Ecologists develop vegetation models for the prediction of spe-
iﬁc features, such as timber yield or canopy processes. These
odels predict the speciﬁc characteristic(s) that deﬁnes the
odel’s purpose. In predicting the long-term changes in forest
ynamics, especially with changes in climatological parameters,
t is important to test the model’s predictive ability against a
iverse, multi-scale timeseries of observations (Bugmann, 2001).
t is important to understand whether the computations of some
arameters are dominated by a single “key” parameter. Qualitative
nd quantitative tests should include the evaluation of multiple
utputs for monospecies and mixed stands, as well as for even-
nd mixed-age stands. Quantitative evaluation of SIBBORK model
unctionality has involved the comparison of ﬁeld observations
gainst multiple model outputs (DBH, height, basal area, biovol-
me, species composition) at different stages in succession. It is
mportant to test the model in these multiple dimensions. Most
ften, model output for one or a couple of parameters is compared
o ﬁeld observations or remote sensing data that represent a “snap-
hot” of forest structure at a speciﬁc time. For a stronger test, we
ompared SIBBORK model output from several centuries of simu-
ation to multiple timeseries of ﬁeld data, as this approach allowed
s to see whether the internal stand processes of the forest are
imulated well over time.
Multi-dimensional testing of the SIBBORK model included qual-
tative and quantitative evaluation of model output for simulated
tands at different points from bare ground, without ﬁtting to
ach stage in secondary succession. Individual process formula-
ions (tree growth, mortality, light extinction through the canopy,
tc.) and overall stand dynamics were evaluated against multi-
le datasets from within the calibration region (southern taiga)
nd outside of this region (middle taiga). The model quantita-
ively and qualitatively reproduces the structure and dynamics
f young and mature stands in monospecies and mixed forests.
IBBORK simulates the correct structure and appropriately-timed
uccessional transitions, whether initialized from a set of initial
onditions or from bare ground, where the latter represents succes-
ion following a stand-replacing disturbance, which are common
n this boreal region. Multiple combinations of species have been
ested, including all of the arboreal species whose ranges over-
ap the validation sites and for which we were able to obtain
orestry yield table data. In each case, SIBBORK model output
roduced realistic combinations of species at each stage in suc-
ession, and matched fairly closely to the observed stand structure
nd total biovolume. Moreover, SIBBORK output matched the evo-
ution of species composition, stand structure, and biovolume
ver the course of several centuries. Although the match is not
erfect, model output from a given year of simulation closely
atches observed structure of stands whose age is within 10Modelling 320 (2016) 182–196 193
years of the simulation year. It is important to remember here
that when SIBBORK introduces saplings into the simulation, they
are planted at approximately 2.5 cm DBH. For some species and
under some growing conditions, this may be representative of a
40 year old tree, e.g. larch under very limiting environmental con-
ditions, whereas for other species and environmental conditions,
the 2.5 cm DBH may  be more representative of a 4–5 year old
tree, e.g. birch in favorable conditions. Therefore, if the simulated
forest is compared year by year to the observed forest, the suc-
cessional transitions in the simulated forest are likely to occur in
earlier years than observed. When the birch saplings are estab-
lishing in the ﬁrst decade of the simulation, the stand structure
is more representative of a birch stand in its 2nd decade from bare
ground.
The random and systematic errors of the data presented in the
regional forestry yield tables are estimated at 4–7% (Shvidenko
et al., 2006). The uncertainty associated with the Usolsky forest
inventory, as well as the histories of the observed stands with
regards to management and natural disturbances are not known.
The match of model output to veriﬁcation and validation datasets
may  well be within the uncertainty of these datasets. Addition-
ally, approximately 2% of the middle and southern taiga forest area
are dominated by arboreal species not of interest to the timber
industry (Shvidenko and Nilsson, 2002) and not represented in the
yield tables. These species (e.g. Sorbus spp.) are not represented
in SIBBORK, which may  contribute to the uncertainty of model
estimates.
The 3-D character of the SIBBORK model facilitates the simula-
tion of successional processes that are not explicitly parameterized,
such as regeneration of shade-intolerant species in gaps the size
of multiple large tree crowns. These multi-scale processes are
not captured in non-spatially-explicit simulations of indepen-
dent plots. Upon conducting the multi-level tests, it is evident
that some of the internal forest processes, such as competi-
tion for light and space, and the transition of trees from the
subcanopy to the main canopy, are represented in the simu-
lation although not explicitly parameterized. When the model
captures a multitude of stand characteristics at different stages
post disturbance, we  can utilize the model to further our
understanding of how forest ecosystems operate and the con-
sequences of changes to edaphic and climatological conditions
at different points along a successional trajectory. This gives us
greater conﬁdence in applying the model toward the simulation
of the boreal forest with shifts in temperature and precipita-
tion regimes that are likely to accompany climate change in
Siberia.
SIBBORK brings a multitude of advantages to the table that
are not represented by other classical gap dynamics models, such
as FAREAST (Yan and Shugart, 2005), or spatially-explicit forest
dynamics models, such as FORMIX3 (Huth et al., 1996) and FOR-
MIND (Köhler and Huth, 1998). Dynamics and patterns on scales
larger than the size of a plot are not resolved by models of inde-
pendent plots, such as FAREAST. The average landscape dynamics
in FAREAST are obtained from an average of 200 independent plots.
However, since FAREAST is not spatially explicit, trees on each of
the independent plots do not interact with trees on other simulated
plots and the average dynamics are extrapolated to the landscape
scale from the plot scale (500 m2). In contrast, SIBBORK simulates
a continuous landscape, with the spatial domain of the simula-
tion tested up to 81 ha, and environmental conditions speciﬁed at
the plot-level. Extrapolation of stand dynamics to the landscape
scale may  be more appropriate from simulations that encompass
a larger spatial domain and more explicitly represent the varying
conditions on the terrain.
Similar to FORMIND, SIBBORK does not assign an exact loca-
tion for each tree on the landscape, and does not explicitly include
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pace-based competition, aside from limitation to stem density
nd maximum annual GPP cap at the plot-level. In contrast to
ORMIND, however, species-speciﬁc parameterization allows for
esolution of interspeciﬁc competition in SIBBORK, and does not
imit the species range to associations with vegetation from the
ame plant functional type. This allows for new species assem-
lages to emerge as environmental conditions change, which is in
ccordance with what has been observed through pollen records
nd other vegetation history reconstruction studies (Webb and
artlein, 1992; Shugart et al., 1992). In post-processing, trees can
e grouped into similar-age, similar-DBH cohorts or analyzed indi-
idually. Additionally, SIBBORK has ﬁner horizontal and vertical
esolution in the 3-D light environment computation, compared
o FORMIX3, wherein the plot size is larger (20 m × 20 m)  and
he light is computed for 5 canopy layers, each several meters
hick. SIBBORK is more similar to FORMIND with regards to the
ertical resolution of the light environment and foliage distribu-
ion, which are computed in 1 m vertical increments. SIBBORK
ontains a more complex mortality subroutine, which includes
pecies-speciﬁc age-related mortality, as well as stress-related
ortality based on species tolerances to resource limitations. How-
ver, SIBBORK does not spatially-resolve Chablis-type events, and
ead trees are removed from the simulation without damage to
he surrounding trees. This lack of damage from tree-fall may  be
ppropriate for lower-density boreal forests where mortality often
esults in standing snags, but may  need to be reﬁned before SIB-
ORK can be applied to study tropical forests with signiﬁcantly
reater stem density. FORMIND and SIBBORK can be used for sim-
lar applications, including investigation of the effects of logging
ractices and other disturbances on forest dynamics and composi-
ion.
A model such as SIBBORK, veriﬁed to this extent, may  present
 unifying theory for the internal organization of Siberian boreal
orests and the adaptive behavior of individual trees within the
andscape-scale forest dynamics. SIBBORK simulation includes
omplicated dynamics not expressed in other models, such as
egeneration of pioneer species in gaps the size of multiple tree
rowns, early and mature forest structure and dynamics without
pin-up, and strong coupling to local environmental conditions that
eproduce species ranges without external limitation to where each
pecies can grow. No one model is best at simulating every process,
tructure, and pattern within the complex forest ecosystem, but
IBBORK does represent individual-level and landscape-level char-
cteristics and dynamics in a way that is consistent with observed
atterns. At this stage, SIBBORK may  be in a “Medawar zone”
escribed by Grimm et al. (2005)—a functional balance between
he model’s ability to compute dynamics and still possess a degree
f realism in the structure and composition of the forest. The ability
o simulate forest structure dynamically opens the possibility for
urthering our understanding of how the boreal ecosystem operates
nd how its function, and especially its role as a sink for atmospheric
arbon, may  change with already-occurring temperature and pre-
ipitation regime shifts (Kharuk et al., 2007, 2009, 2013; Soja et al.,
007; Tchebakova et al., 2011). SIBBORK-based predictions of for-
st structure and dynamics can be utilized for testing the effects
f mitigation approaches geared toward maintaining the boreal
orests’ role as a carbon sink (Krankina and Dixon, 1994; Ashton,
012), such as viability of new plantations on abandoned agricul-
ural lands, the replacement of low-productivity broadleaf stands
ith conifers, or understanding which species are more likely to
etain productivity under changing climatological conditions. Addi-
ionally, the 3-dimensional nature of SIBBORK can be utilized for
eneration of synthetic data of foliage distribution in forests under
ifferent environmental conditions, which can be used to facilitate
ovel approaches for driving future development of new remote
ensing instrumentation and developing algorithms for analyzingModelling 320 (2016) 182–196
remote-sensing data from current systems for a multitude of envi-
ronmental conditions.
5. Conclusions
SIBBORK presents a new approach to modeling the boreal forest.
We have demonstrated the application of SIBBORK to simulation of
young and steady-state boreal forest structure and behavior, as well
as successional dynamics in a mixed forest under historical climate
(1950s–2000). The model has been calibrated to southern taiga in
the Krasnoyarsk region of central Siberia, and tested on indepen-
dent datasets from within that region. Generalizability of the model
was tested by simulating forest stands at a site in the middle taiga
ecotone, located 600 km north–northwest of the calibration region,
without ﬁtting. The model accurately simulates the structure and
dynamics of mixed and monospecies boreal stands across a sim-
ulation area of up to 81-ha over multiple time scales. SIBBORK is
particularly suited to address the heterogeneous response of veg-
etation to changing temperature and precipitation regimes due to
its ability to explicitly resolve spatial characteristics of landscape
and forest at a ﬁne resolution.
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